Abstract − The integral-differential equation for the current of an electrically small antenna inside a resonator, which is induced by given sources, is solved by the so-called "Method of Small Antenna". The calculated input impedance of the antenna in the resonator and the calculated coefficients of the mutual coupling between two antennas are compared to experimental measurements, performed within the modestirred chamber at the University of Magdeburg. For low resonances, when the assumption of electrically small antennas is justified, a good agreement is found.
INTRODUCTION
The analysis of high-frequency electromagnetic field coupling to linear structures, which might be caused by intentional electromagnetic interference, for example, becomes increasingly important. Usually, related test experiments and corresponding simulation models deal with devices that are located in free space. In reality, however, electronic equipment often is enclosed in different kinds of resonator-like structures, such as cabinets of computers, airframes, frames of cars, etc. These enclosures considerably modify the interaction between electromagnetic fields and scatterers. As a consequence, they modify the transfer function which relates the exciting field to the coupling current.
In this context, it has been shown by many experiments that the electromagnetic coupling to interconnections on different scales is of major concern. Often these interconnections are electrically small but still can have own resonances. For the situation of free space, common-mode currents induced in such objects can be evaluated by the model of a small near-resonance linear antenna [1] .
We already have proposed a method to analyze the coupling to an electrically small dipole antenna within in a resonator. This approach is called "Method of Small Antenna" (MSA) and involves the consequent use of scattering theory [2] . The MSA is based on the analysis of an integro-differential equation which describes the induced current on an antenna. The corresponding resonator's Green's function is split into a singular and a regular part. This circumstance yields the possibility to analytically express the solution for the coupling current in the small antenna in terms of the free space solution and to investigate the input impedance of the small antenna, the current transfer ratio for two small antennas, and the coupling between penetrating radiation and a small antenna, for example.
In the present paper we provide explicit analytical expressions for the input impedance of small antennas inside a resonator and for the current transfer ratio which describes the mutual coupling between two dipole antennas. We also show that the analytical calculations are in good agreement with experimental results.
METHOD OF SMALL ANTENNA (MSA)
We consider a thin-wire system {} l inside a cavity with perfectly conducting walls, see Fig. 1 , which is excited by an electric field ) ( 0 r E . The induced Fig. 1 Geometry of the problem current ) (l J satisfies an Electric Field Integral Equation (EFIE) which can be written as contains all spatial singularities. It approximately coincides with the Green's function of free space at small distances, and smoothly depends on frequency. This part is connected to the electrostatic and magnetic energy that is stored in the neighbourhood of the antenna. In case of an electrically small antenna it is convenient to choose it as the real part of the Green's function of free space,
The resolvent operator for the function E RES G 1 , i.e., the approximate solution of the integro-differential equation (IDE) (7) for the electrically small dipole
can be determined from the model of a small near-
The quantity L is the antenna length, a ω is the first natural resonance frequency of the antenna, a C and a L are the antenna capacitance and inductance, respectively, and a R is the load resistance. For a thin symmetric dipole antenna of radius a we find [ 
The second, regular part of the Green's function By means of eqs. (4) and (13) one can write eq. (1) in the form eq. (7) where the resonator properties are represented by an additional constant excitation with an unknown amplitude which is coupled to the amplitude of the induced current. Then, using the known resolvent operator (8), we find eq. (14) for the distributed excitation and eq.(15) for the lumped excitation,
From eq. (15) we find the input resistance of the small antenna that is excited by a lumped source inside the resonator,
The input impedance of a small dipole antenna in a rectangular resonator was also calculated in [3] to investigate statistical properties. In this work, a different split of the resonator's Green's function was used, taking advantage of the Coulomb gauge for the vector and scalar potential. This was combined with the assumption of a fixed free-space distribution (12 b) for the antenna current which in the nearresonance frequency region, where the current distribution is mainly given by (11 b), can lead to improper results.
Our formulas yield the possibility to investigate the mutual coupling between two small antennas inside a resonator. Let us assume for simplicity that both antennas are aligned to the z-axis. The center of the receiving antenna (index 1) is located at the point with coordinates 1 r and the center of the active, transmitting antenna (index 0) is located at the point with coordinates 0 r . Then, if we take into account for each antenna its self-coupling and the coupling to its neighboring antenna, we find the current transfer ratio coefficient
where
MEASUREMENTS IN THE MSC
The results of the developed MSA, together with some simple adaptation for monopole antennas, were compared to measurements of the input impedance and the mutual coupling coefficient. For this comparison the resonator was assumed to be lossy and the losses were taken into account by the usual substitution
, with Q denoting the quality factor of the resonator.
The measurements were performed in the mode stirred chamber at the University of Magdeburg, where the stirrer was removed, see Fig.3 . The source of the radiation was a vertical monopole of length The comparison shows a good agreement for lower resonances where the considered antennas are still electrically small. The differences between the results at higher frequencies are caused, in our opinion, by the following reasons: a) The resonant frequencies of the actual chamber are different from the resonant frequencies of a canonical rectangular resonator; b) The quality factor for the lowest frequencies is smaller than the used constant value Q=1000 and it also is frequency dependent; c) It is difficult to measure amplitudes of sharp resonances, especially for the real part of the input impedance; d) For the highest peaks inside the considered frequency interval the eigenmodes of the resonator, which determine the regularized Green's function, are not constant along the antenna. Therefore, the coupling constants F actually become frequency-dependent.
CONCLUSION
Analytical expressions for the input impedance of electrically small dipole antennas and for the current transfer ratio between two small antennas have been obtained by the Method of Small Antenna. A good agreement between theoretical results and experiments in the mode stirred camber of the University of Magdeburg is observed for low resonant frequencies. For higher frequencies, when the antennas are no longer electrically small, the MSA is no longer justified.
